antimicrobial peptides and lipids at 0.1-2.0 M have been found to attenuate the production of chemokines and proinflammatory cytokines to microbial antigens. Together, both the antimicrobial and the anti-inflammatory activities of these peptides and lipids may serve to create a strong, overlapping immunologic barrier that not only controls the concentrations of cutaneous commensal flora but also the extent to which they induce a localized inflammatory response.
Introduction
Skin is a tough and durable physical barrier composed of cells and intercellular matrix. It is a two-way barrier with several overlapping functions, which include protecting the body from noxious external stimuli and helping to maintain critical homeostatic conditions by containing and protecting the underlying tissues. To these ends, the skin covers and protects the underlying tissues against mechanical injury, ultraviolet irradiation, and environmental contamination; it maintains body temperature by varying the caliber of the underlying capillaries to control heat loss or by producing sweat to dissi-pate heat via evaporation; and it impedes the transcutaneous loss of water and electrolytes. The skin also protects the underlying tissues from infection by environmental microorganisms, commensal microorganisms that colonize the skin surface, and opportunistic pathogenic microorganisms.
The structure of the skin is complex and contains several distinct layers including (from outermost to innermost): stratum corneum, epidermis, dermis, and underlying subcutaneous fat. The stratum corneum provides the main barrier function of the skin. Structurally, the stratum corneum was first described by Michaels et al. [1] as a 'brick and mortar' model, comprised of fully differentiated keratinocytes (corneocytes) embedded in a continuous lipid matrix. The keratinocytes provide mechanical strength, while the lipids serve as the primary barrier of the skin, affecting water transport, movement of electrolytes, and penetration of drugs and xenobiotics. Three primary groups of lipids comprise the intercellular domain of the stratum corneum in a consistent ratio: ceramides (50%), cholesterol (25%), and free fatty acids (10-20%) . Underneath the stratum corneum is the avascular viable epidermis, approximately 50-100 m thick, followed by the dermis, which contains the pilosebaceous units, sweat glands, and microvasculature of the skin.
Based on its complex structure and our improved understanding of its functions, the skin is now recognized as much more than just a simple cover for underlying tissues. The components of the skin structure provide a unique environment to protect the body against insult, and particularly against infection from microorganisms. The average surface pH of the skin (commonly referred to as the 'acid mantle' of the stratum corneum) ranges from about 4.2 to 5.6, which is thought to be related to the free fatty acids in the lipid milieu, secretions from eccrine and sebaceous glands, and proton pumps [2, 3] . This acidic pH on the surface is particularly important, as it is thought to be a component of the cutaneous antimicrobial defense. The skin also has a strong immunologic role [4] . It is a very responsive tissue and keratinocytes and underlying nonkeratinocytes produce antimicrobial peptides and antimicrobial lipids that control the concentrations of cutaneous commensal flora and the extent to which they may induce a localized inflammatory response. Here, we briefly review the types of antimicrobial peptides and antimicrobial lipids, their sites of production, their antimicrobial activities for commensal and opportunistic microorganisms, and their roles in regulating locally produced chemokines and cytokines, the latter function being of importance for maintaining normal tissue homeostasis.
The Abundance of Cutaneous Microorganisms
The skin is continually challenged via exposure to high concentrations of environmental microorganisms in air, dust, soil, and water as well as by exposure to the commensal Gram-positive bacteria, Gram-negative bacteria, and fungi that colonize its surface [5] . Here, the composition and concentrations of the commensal flora vary from 10 2 to 10 6 colony-forming units/cm 2 depending upon the anatomical location and the moisture content [5, 6] . Interestingly, almost all skin bacteria fall into the Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria phyla [5] . Bacteria in these four dominant phyla are also found in the oral cavity and gastrointestinal tract. Occasionally, these microorganisms cause skin infections in immunocompromised individuals, unsuspecting travelers, or individuals with specific occupations [7] [8] [9] . However, in the majority of individuals under normal circumstances, exposure to environmental or commensal microorganisms is well tolerated without either infection or inflammation.
The Abundance of Antimicrobial Peptides and Antimicrobial Lipids
Tissue composition and architecture are important in the host's effort to counter the abundance of microorganisms on cutaneous surfaces. The different layers in the skin produce differing types and amounts of antimicrobial peptides and antimicrobial lipids, thus forming an overlapping antimicrobial and anti-inflammatory barrier. It is worth noting that some antimicrobial peptides are constitutively expressed and are detected in abundance without difference among healthy, infected, or chronically inflamed epithelium (e.g. human ␤ -defensin (HBD) 1 and RNase 7) whereas other antimicrobial peptides are absent in healthy epithelium but detected in abundance in infected or chronically inflamed epithelium (e.g. psoriasin S100A7, HBD2, and HBD3; fig. 1 ). Other antimicrobial peptides are produced locally within follicles and glands. Lysozyme is found in pilosebaceous follicle cells, dermcidin is found in eccrine gland cells, and LL-37 is found in the eccrine glands and duct cells and in ductal epithelium. Neutrophil products, LL-37 and human neutrophil peptide (HNP)-1-3, are also found in some areas of the skin if neutrophils are present.
Lipids are a major constituent of the skin and include phospholipids, cholesterol, glycolipids, free fatty acids, free ceramides, and acylceramides [10] [11] [12] [13] . The ceramides are the sources of epidermal long-chain bases and consist of normal fatty acids, ␣ -hydroxyacids or -hydroxyacids, amide-linked to sphingosines, dihydrosphingosines, phytosphingosines, and 6-hydroxysphingosines [10, 14] . The free fatty acids are saturated, straight chains of 20-28 carbons in length. Lipids are also a major constituent of gland secretions. Squalene, wax monoesters, triglycerides, and lesser amounts of cholesterol and cholesterol esters are secreted from dermal sebaceous glands to the skin surface. Secreted triglycerides undergo hydrolysis by acid lipases secreted from the lamellar granules and to a lesser extent by commensal bacterial lipases. The product of hydrolysis is a series of fatty acids ranging from 7 to 22 carbons [15, 16] . These are mostly saturated or monounsaturated and include lauric acid (C12: 0) and sapienic acid (C16: 1 ⌬ 6). Of the sebaceous fatty acids, antimicrobial activities are associated with lauric acid, sapienic acid and some of the very short, oddnumbered carbon-chain species (e.g. C7: 0, C9: 0, C11: 0, and C13: 0).
Activities of Antimicrobial Peptides and Lipids

Antimicrobial Peptides
The major groups of antimicrobial peptides present in the skin include the defensins, cathelicidins, dermcidin, psoriasin (S100A15), neuropeptides and peptide hormones, antimicrobial chemokines, and antimicrobial proteins [4, 17] . The skin is overly redundant in the number and unique types of antimicrobial peptides it produces. Some peptides appear to have a primary antimicrobial function and a secondary innate and adaptive immune function, whereas other peptides appear to have a primary innate immune function, an adaptive immune function, or a neurologic function (e.g. chemokines, cytokines, neuropeptides, and peptide hormones) and a secondary antimicrobial function. Together, all these peptides, if present, have overlapping spectra of antimicrobial activity, which provides good coverage against both the quantity and diversity of microorganisms found on the skin surface. Table 1 shows the four main phyla found on human skin and the reported sus- Immunohistochemical detection of antimicrobial peptides in epidermal layers of skin from normal subjects or subjects with infected or inflamed skin (compiled from other studies) [23, 24] . sl = Slight immunohistochemical detection. Note that some peptides are detected by immunohistochemistry in the stratum corneum, stratum granulosum, and stratum spinosum layers and less so in the stratum basale (e.g. HBD2, psoriasin, and RNase 7), whereas others are detected by immunohistochemistry to a lesser extent in the stratum corneum, but more so in the stratum granulosum, stratum spinosum, and in the stratum basale layers (e.g. HBD1).
ceptibility of their members to antimicrobial peptides and lipids. Often, microorganisms within phyla are resistant to one antimicrobial peptide yet susceptible to another. Also, within some phyla there are often both susceptible and resistant microorganisms, yet in other phyla there are not. It is worthy to note that there is much more information on the minimal inhibitory concentrations of defensins and LL-37 than other skin-derived antimicrobial peptides. The latter data are more often reflected as killing kinetics in the literature rather than traditional minimal inhibitory concentrations. The lack of minimal inhibitory concentration data does not reflect a lack of interest in these peptides or a lack of their activity.
Defensins
The human defensin family contains HBD, HNP ␣ -defensins, and -defensins. Defensins differ in the number of residues, the location of the cysteine residues, and the ordering of disulfide bonds. All members generally have broad-spectrum antimicrobial activity against bacteria, fungi, and enveloped viruses. However, within each phylum there appears to be some resistant microorganisms ( table 1 ) .
HBD1, HBD2, and HBD3 contain 36-45 amino acid residues with a +5 to +11 net cationic charge and monoisotopic masses of 3,931.8-5,157.7 Da. They are very active innate and adaptive immune mediators; they are chemotactic for T cells, dendritic cells, and mast cells [18] ; they stimulate mast cells to release histamine or generate PGD2 [19, 20] ; and they induce keratinocytes to produce a variety of chemokines and cytokines ( fig. 2 ) [4] . For example, HBD2, HBD3, and HBD4 (not included above) induce keratinocytes to produce cytokines IL-6, IL-10, and IL-18 and chemokines CXCL10 (IP-10), CCL2 (MCP-1), CCL20 (MIP-3 ␣ ), and CCL5 (RANTES) [21, 22] .
In the epidermis, the ␤ -defensins are differentially expressed ( fig. 1 ). HBD1 transcription occurs in epithelium and HBD1 peptide can be detected by immunohistochemistry to a lesser extent in the stratum corneum (shown as slight or sl-HBD1 in fig. 1 ), but more so in the stratum granulosum, stratum spinosum, and in the stratum basale layers [23] . Generally, there is no difference in transcription or immunohistochemical staining pat- I t is worthy to note that there is much more information on the minimal inhibitory concentrations of defensins and the cathelicidin LL-37 than other skin-derived antimicobial peptides. The latter data is more often reflected as killing kinetics rather than traditional minimal inhibitory concentrations. 1 The minimal inhibitory concentrations (M) of antimicrobial peptides were compiled from other studies [37, 45, 50, [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] . 2 Represents the range from 0.9 to greater than 57.7 M (n = 14). 3 The minimal inhibitory concentrations (M) of antimicrobial lipids were compiled from other studies [59, 69, 70, 74, [146] [147] [148] .
terns between infected wounds and healthy epithelium [23] . HBD2 transcription occurs in epithelium and HBD2 peptide can be detected by immunohistochemistry in the stratum corneum, stratum granulosum, and stratum spinosum layers and less so in the stratum basale [23] . HBD2 transcription is generally low in healthy epithelium but elevated in infected wounds [23] and in chronic wound margins [24] . HBD2 is present in the superficial epidermis of all subjects with psoriasis, but decreased in acute and chronic lesions from subjects with atopic dermatitis [25] .
HBD3 transcription occurs in epithelium and, like HBD1, can be detected by immunohistochemistry to a lesser extent in the stratum corneum but more so in the stratum granulosum, stratum spinosum, and in the stratum basale layers [23] . HBD3 transcription is generally low in healthy epithelium but elevated in infected wounds [23] . Interestingly, there are no reported major differences in immunohistochemical staining patterns between healthy epithelium and infected or chronic wounds [23, 24] . HBD3 is lower in lesions from subjects with atopic dermatitis compared with other inflammatory skin diseases [26] . HNP ␣ -defensins are a little smaller and less charged than the ␤ -defensins; HNP-1, HNP-2, and HNP-3 contain 29-30 amino acid residues with a +2 to +3 net cationic charge and monoisotopic masses of 3,374.5-3,489.6 Da. They are present in the azurophil granules of human neutrophils (HNP ␣ -defensins 1-4), macrophages, mucosal crypt cells, and Paneth cells (e.g. human defensins 5 and 6). HNPs are generally not detected in the epidermis, but are expressed by neutrophils in tissue infiltrates.
Cathelicidins
Cathelicidins are a diverse group of antimicrobial peptides differing greatly in sequence, structure, and size. They all have a common N-terminal preproregion of about 100 residues that is homologous to that of the cysteine protease inhibitor cathelin and a highly variable Cterminus containing the cationic antimicrobial domain. LL-37, the only known cathelicidin in humans, contains 37 amino acid residues with a +6 net cationic charge and a monoisotopic mass of 4,490.6 Da [27, 28] . It is active against Gram-positive bacteria, Gram-negative bacteria, and fungi ( table 1 ) . LL-37 can permeate membranes and induce pore formation/membrane disintegration and inhibit bacterial macromolecular synthesis, especially RNA and protein synthesis, without binding to microbial DNA or RNA [29] .
LL-37 is a very active peptide [27, [30] [31] [32] . In addition to its potent antimicrobial activity, it is chemotactic for blood leukocytes and mast cells [19, 33] , binds and inactivates endotoxin, activates epithelial cells, releases histamine from mast cells, induces angiogenesis, modulates gene expression, aids in the reepithelialization of skin, and regulates dendritic cell differentiation. LL-37 induces keratinocytes to produce IL-18, induces neutrophils to produce IL-8, and induces both mRNA expression and protein release of HNP-1-3 [21, 34] .
In normal human skin, the production of LL-37 is negligible. LL-37 accumulates in chronic facial skin inflammatory diseases of subjects with psoriasis and rosacea but not in chronic lesions of subjects with atopic dermatitis [25, 35] . It is also lower in the lesional skin of subjects with atopic dermatitis compared to those with other inflammatory skin diseases [26] . LL-37 is present in high levels in the facial skin of subjects with rosacea, and the proteolytically processed forms of these peptides are different from those present in normal individuals. These findings suggest that it has a role in skin inflammatory responses, possibly an exacerbated innate immune response in the pathogenesis of these diseases [36] . Dermcidin Dermcidin is a unique family of peptides with about 14 members. There are 13 different congeners in eccrine sweat, each congener derived by postsecretory proteolytic processing from the C-terminus. Another congener, derived from the N-terminus, is called YDP-42 [37, 38] . The parent peptide DCD-1L has no homology to other known antimicrobial peptides. Dermcidin contains 47 amino acid residues with a -2 net anionic charge and a monoisotopic mass of 4,702.5 Da [4, 39] . Dermcidin is active against Gram-positive and Gram-negative bacteria at about 0.2 M , and against fungi at about 2.1 M [4, 39] . Dermcidin-derived peptides do not induce pore formation in bacterial membranes but have time-dependent bactericidal activity, which is followed by bacterial membrane depolarization. Dermcidin induces keratinocytes to produce pro-inflammatory chemokines like CXCL8 (IL-8) and CCL20 (MIP-3 ␣ ) and pro-inflammatory cytokines like TNF-␣ [40] .
Psoriasin S100A7 Psoriasin contains 101 amino acid residues with a -1 net charge and a monoisotopic mass of 11,449.6 Da. It is active against Gram-positive and Gram-negative bacteria and is chemotactic for T cells and neutrophils. Psoriasin stimulates normal keratinocytes [41] ; it activates neutrophils to produce IL-6, CXCL8 (IL-8), TNF-␣ , CCL3 (MIP-1 ␣ ), CCL4 (MIP-1 ␤ ), and CCL20 (MIP-3 ␣ ) [42] ; it induces phosphorylation of mitogen-activated protein kinase p38 and extracellular signal-regulated kinase (ERK) but not c-Jun N-terminal kinase (JNK) [42] ; and it enhances mRNA expression and induces the extracellular release of HNP-1-3 [42] . Secreted psoriasin in vaginal fluids accounts for approximately 2.5-3.0% of the total protein where it also enhances the expression and release of HNP-1-3 [4, 43] .
Psoriasin S100A7 transcription occurs in epithelium and psoriasin can be detected by immunohistochemistry in the stratum corneum, stratum granulosum, and stratum spinosum layers [23] ( fig. 1 ). Transcription and immunohistochemical staining patterns are generally low in healthy epithelium but elevated in inflamed wounds [23] and in chronic wound margins [24] .
RNase 7 RNase 7 is a member of the RNase A superfamily [44] . It is a 156-amino acid residue protein with a monoisotopic mass of 17,459.9 Da. It has potent antimicrobial activity against Gram-positive and Gram-negative bacteria and kills Escherichia coli , Staphylococcus aureus , Pseudomo-nas aeruginosa , Enterococcus faecium , Propionibacterium acnes, and Candida albicans in 3 h. E. coli and S. aureus incubated with 4 M RNase 7 for 4 h both show evidence of ultrastructural damage at the cell surface [44] .
RNase 7 is expressed in epithelium and can be detected by immunohistochemistry in the stratum corneum and to a lesser extent in the stratum granulosum [24] ( fig. 1 ) . Generally, there is no difference in immunohistochemical staining patterns between chronic wound margins and healthy epithelium.
Histone H4 Histone H4 is a major component of the antimicrobial activity of sebocyte extracts [45] . It contains 103 amino acid residues with a monoisotopic mass of 11,360.4 Da. Recombinant histone H4 has antimicrobial activity against S. aureus (2.2 M ) and P. acnes (1.1 M ) [45] , thus providing an additional source of antimicrobial activity in defense against infection ( table 1 ) .
Antimicrobial Neuropeptides and Peptide Hormones Many neuropeptides and peptide hormones are very similar to antimicrobial peptides in their amino acid composition, amphipathic design, cationic charge, and size [46] . These peptides are present in the peripheral nerves of human skin and in epidermal cells, i.e. Merkel cells, mast cells, dendritic cells, Langerhans cells, and epidermal keratinocytes [47] [48] [49] . Here, they likely play important roles in innate defense and as mediators in local inflammation. For example, adrenomedullin is a 6,027.9-Da peptide with activity against Gram-positive and Gram-negative bacteria, but generally not yeast [50] . Substance P is a 1,347.7-Da peptide belonging to the tachykinin family of neuropeptides, with activity against S. aureus , and neuropeptide Y is a 4,107.0-Da peptide occurring throughout the central and peripheral nervous systems with activity against S. aureus [51] .
Antimicrobial Chemokines and Cytokines
The majority of antimicrobial peptides produced in the skin induce cells to produce a wide spectrum of chemokines and cytokines. It is interesting to note, however briefly, that some IFN-␥ -inducible CXC chemokines and CXCL-1 chemokine have secondary antimicrobial activity [52] . The extent to which these chemotaxic peptides synergize with other antimicrobial peptides is not yet known. However, they do contribute to the overall sum of antimicrobial activity, which gives the skin additional coverage against both the quantity and diversity of microorganisms found on the skin surface.
Antimicrobial Proteins
The skin contains large proteins with antimicrobial and anti-inflammatory activities. Human lactoferrin is expressed in a variety of glandular epithelium and skin epidermal keratinocytes [53] . It has antimicrobial activity, regulates immune functions, enhances keratinocyte proliferation, stimulates keratinocyte migration, and protects cells from apoptosis. Human lysozyme is expressed in the cytoplasm of epidermal cells in the skin, pilosebaceous follicles, and eccrine glands and has antimicrobial activity against Gram-positive and Gram-negative bacteria.
Antimicrobial Lipids
There is current interest in a variety of natural and synthetic lipids with antimicrobial activity [54] [55] [56] . Often, Gram-positive bacteria and yeasts are more susceptible than Gram-negative bacteria [57, 58] . It is not surprising, therefore, that many of the structural lipids found in the outer layers of the skin also have antimicrobial activity that appears to be both lipid-specific and microorganism specific [59, 60] . Among the most prominent are the long-chain bases and sebaceous fatty acids. Free sphingoid bases are present in the stratum corneum in a concentration of 5 mg/g of dry stratum corneum [59] . It is thought that they may occur as a gradient throughout the epidermis with higher concentrations in the stratum corneum. This concentration gradient may regulate cell division and cell differentiation in the skin and may allow communication between the stratum corneum and the viable epidermis. More importantly it provides a potent antimicrobial barrier. Also present are two specific fatty acids derived from sebaceous triglycerides: sapienic acid and lauric acid, likely released when triglycerides undergo hydrolysis [59] .
Among the lipids, phospholipids and sphingolipids, other substances such as mixed galacto-cerebrosides, phosphatidic acid, dioleoylphosphatidic acid-monomethylester, phosphatidylethanolamine, ␤ -oleoyl-␥ -palmitoyl-phosphatidylethanolamine, phosphatidylcholine, Dsphingosine, D , L -dihydrosphingosine, 4-D -hydroxysphinganine, oleoyl-sphingosine, N,N-dimethylsphingosine, and stearylamine have antimicrobial activity against Gram-positive bacteria and fungi but only moderate or no activity against Gram-negative bacteria [61] . Sphingolipids Sphingosine, dihydrosphingosine, and 6-hydroxysphingosine in the stratum corneum have antimicrobial activities [59, [61] [62] [63] [64] , and the antimicrobial activities of sphingosine and phytosphingosine are generally more potent than those of dihydrosphingosine. Free sphingosine bases are antimicrobial for Gram-positive bacteria [63, 64] . Sphingosine, dihydrosphingosine (e.g. sphinganine), dimethylsphingosine, phytosphingosine, and stearyl amine are antimicrobial for C. albicans [62] . The exact mechanisms of antimicrobial activity are not known but one target may be the cell wall [62] . Dihydrosphingosinetreated S. aureus has multiple lesions in the cell wall, evaginations in the plasma membrane, and a loss of ribosomes in the cytoplasm. It is possible that the cell wall lesions may be sequelae of an altered plasma membrane. Sphingosine and dihydrosphingosine also interfere with cell wall synthesis [62] .
Sphingosine 1-phosphate, a polar sphingolipid metabolite, is a potent extracellular and intracellular messenger regulating cell signaling pathways [65] . As little as 5 M sphingosine 1-phosphate stimulates antimicrobial activity in human macrophages that leads to the intracellular killing of Mycobacterium smegmatis and Mycobacterium tuberculosis [66] .
Fatty Acids
In 1942, cutaneous lipid extracts were initially reported to kill S. aureus [67] . It was speculated that the activity was due to free fatty acids, but this proposition was not directly tested until recently. Shortly after the initial demonstration of the antimicrobial activity of skin surface lipids, a remarkable series of studies was published [68] . It was observed that children who became infected with ringworm of the scalp (tinea capitis), which is caused by Microsporum audouini , had recurring disease until they reached puberty and sebum secretion became elevated. At this point, the condition spontaneously resolved and did not recur. It was speculated that some component of the sebum had antimicrobial activity against this organism. It was then shown that whole sebum was active against M. audouini in vitro , and the fatty acid fraction contained the active component. The fatty acids were then separated according to chain length by fractional distillation. Fractions included chain lengths of 7-22 carbons. Some fractions contained mixtures of saturated and monounsaturated fatty acids, which were separated by crystallizing the saturated species while leaving the monounsaturated species in solution. Each individual fatty acid was tested for activity against M. audouini . Notably, the activity was attributable to the 7-, 9-, 11-, and 13-carbon saturated species. This group had earlier demonstrated that a short fatty acid found in human sweat, i.e. undecylenic acid (C11: 1 ⌬ 10), had antifungal activity. Undecylenic acid is the active component in some preparations used to treat foot fungus. We now know that fatty acids are antimicrobial against Gram-positive bacteria, Gramnegative bacteria, and C. albicans but exceptions occur among them [54, 57, 60] . Fatty acids are antimicrobial for oral microorganisms [69] ; lauric acid is antimicrobial for P. acnes , S. aureus , C. albicans , and Staphylococcus epidermidis but not group A Streptococcus and group B Streptococcus [70] , and sapienic acid is antimicrobial for S. aureus [69] . Other saturated and unsaturated fatty acids and their derivatives (e.g. 10-18 carbons long) also have antimicrobial activity. In other studies, 11 fatty acids and derivatives had antimicrobial activity for Actinobacteria (MIC range 12.3-487.2 g/ml, n = 23); 14 fatty acids and derivatives had antimicrobial activity for Firmicutes (MIC range 0.1-1,222.6 g/ml, n = 95); 7 fatty acids and derivatives had antimicrobial activity for Proteobacteria (MIC range 50.0 to 1 339.0 g/ ml, n = 13); and 11 fatty acids and derivatives had antimicrobial activity for fungi (MIC range 12.5-1,000.0 g/ml, n = 14) [55, 56, 71, 72] . The exact mechanisms of antimicrobial activity are not known but there are some clues [73] . Fatty acids do not necessarily disrupt the overall integrity of the bacterial or fungal cell. Often, there are no visible effects on bacterial cell walls, seen by either scanning electron microscopy or in thin sections examined by transmission electron microscopy. Rather, the site of action appears to be the plasma membrane, which is often partially dissolved or missing. Group B Streptococcus treated with 10 m M monocaprin for 30 min are killed by disintegration of the cell membrane, leaving the bacterial cell wall intact [58] . The plasma membrane is gone and there are no visible effects of monocaprin on the bacterial cell wall directly. Similarly, C. albicans treated with capric acid has a disintegrated plasma membrane with a disorganized and shrunken cytoplasm [57] . Again, no visible changes are seen in either the shape or size of the cell wall. Whether there is a general fluidizing effect resulting in leakage of cellular contents or a more specific interaction with membrane components is not yet known.
Synergy among Antimicrobial Peptides and Antimicrobial Lipids
Antimicrobial peptides and antimicrobial lipids are produced in close proximity to each other within the outer epidermal layers and it would be logical to assume that they have synergistic antimicrobial activity. Unfortunately, there are only a few examples of synergy in the literature. Minimal inhibitory concentrations of sphingosine are significantly lower for E. coli , S. aureus , methicillin-resistant S. aureus , and C. albicans when a subinhibitory concentration of LL-37 is added to sphingosine [74, 75] . Synergy also occurs among histone H4 and free fatty acids from human sebum [45] . The antimicrobial activity of 2.2-M histone H4 for S. aureus is halved in low 7.5-M concentrations of lauric acid or oleic acid and S. aureus growth is completely inhibited by histone H4 in high 300-M concentrations of lauric acid.
Anti-Inflammatory Activities of Antimicrobial Peptides and Lipids
Antimicrobial peptides and lipids have a long list of ancillary functions in innate and adaptive immunity. In figure 2 , the specific concentrations and activities of antimicrobial peptides were compiled from other studies [33, [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . At 0.1-2.0 M , antimicrobial peptides induce cell migration and adaptive immune responses to coadministered antigens. At 2.0-6.0 M , they induce cell proliferation and enhance wound healing. At 6.0-12.0 M , antimicrobial peptides can up-and down-regulate chemokine and cytokine production and at their highest concentrations (e.g. 15.0-30.0 M ), antimicrobial peptides can be cytotoxic [87] .
Sphingoid base signaling molecules can regulate cell cycle arrest, proliferation, differentiation, and apoptosis [88] . In figure 3 , the specific concentrations and activities of antimicrobial lipids were also compiled from other studies [65, [88] [89] [90] [91] [92] [93] [94] [95] [96] . At 1-100 n M , lipids enhance cell migration induced by chemokines, suppress apoptosis, and optimize T cell cytotoxicity. At 0.3-1.0 M , lipids inhibit cell migration and attenuate chemokine and pro-inflammatory cytokine responses. At 3.0-17.0 M , lipids can inhibit apoptosis and slow cell damage.
Many antimicrobial peptides at 0.1-2.0 M and antimicrobial lipids at 0.3-0.6 M have anti-inflammatory activities and can attenuate the production of chemokines and pro-inflammatory cytokines to microbial antigens. Antimicrobial peptides that have the ability to attenuate the production of chemokines and pro-inflammatory cytokines to microbial antigens include salivary gland-derived peptides [97] , LL-37 [98] [99] [100] , lactoferrin [101, 102] , HNP ␣ -defensins [103] [104] [105] , and HBDs [84, 106, 107] . Human neutrophils dying by apoptosis or necrosis release HNPs that inhibit the secretion of multiple pro-inflammatory cytokines from macrophages [105] . In our work we have found that HBD3 attenuates the IL-6, IL-10, GM-CSF, and TNF-␣ responses of human myeloid dendritic cells to the recombinant hemagglutinin B from the periodontal pathogen Porphyromonas gingivalis [84] . Range Phytosphingosine Inhibited release of IL-1␣ from UV-B-exposed skin Epidermal layers and sebaceous secretions are known to contain lipids with anti-inflammatory activity [108] . Sebaceous gland secretions have direct anti-inflammatory properties and can also produce lipids with anti-inflammatory properties [109] . For example, sphingoid bases can downregulate the expression of chemokines and pro-inflammatory cytokines expressed by primary epidermal keratinocytes [88] .
Linked with antimicrobial activity, anti-inflammatory activity of antimicrobial peptides and lipids may be paramount to maintaining normal tissue homeostasis, first by controlling the concentrations of cutaneous commensal flora, and second by regulating the extent to which they may induce a localized inflammatory response.
Possible Implications for Transdermal Drug Delivery
As already mentioned, the skin possesses a number of unique structural and biochemical properties including (but not limited to) the brick and mortar structure, antimicrobial peptides and lipids, structural integrity provided by keratinocytes, and an acidic surface pH. These properties create effective permeability and antimicrobial barriers while also posing challenging hurdles with regard to transdermal drug delivery, in which systemic drug delivery is achieved by applying a drug patch to the skin, thus allowing the active drug moiety to passively diffuse through the skin into the circulation. Despite being introduced to the US market over 30 years ago with the approval of the scopolamine patch, the current transdermal drug market only encompasses approximately 20 drug molecules that can be passively delivered via this route. Multiple attempts have been made to overcome the skin's barrier function in order to expand the array of drug molecules that can be delivered transdermally. These efforts to disrupt the skin barrier include the use of chemical solvents/permeation enhancers (i.e. azone, alcohols, terpenes, etc.), various physical enhancement techniques (i.e. iontophoresis, ultrasound, microdermabrasion, microneedles, etc.), and combinations of chemical and physical disruption methods [110] [111] [112] . All of these methods are effective to varying degrees for overcoming the skin's barrier, and a great deal of work has been devoted towards understanding the skin's healing processes following acute disruption, specifically how restoration of the skin's barriers could be accelerated and improved by understanding the pathways involved.
Coregulation of the Antimicrobial and Permeability Barriers
The skin's antimicrobial defenses and permeability barrier function are not isolated properties; rather, it appears that these processes are regulated in parallel. Following acute disruption, reestablishment of the permeability barrier leads to restoration of the antimicrobial skin barrier and vice versa [113, 114] . For example, disruptions in the physical skin barrier in mice (tape stripping or acetone treatment) result in the induction of mBD3 (a murine homolog of HBD2) and CRAMP, a murine cathlicidin [115] ; barrier function impaired by psychological stress decreases the levels of mBD3 and CRAMP [116] ; and upregulation of mBD-1, mBD-3 and mBD-14 following acute disruption of the barrier has also been demonstrated [117] . These processes are observed regardless of how the permeability disruption is achieved (solvent, physical, metabolic, or psychological stress). Following acute disruption, restoring the barrier artificially via occlusion moderately inhibits the increased expression of the mBDs, suggesting the interdependence of the permeability and antimicrobial barriers [117] . Looking from the other direction, CRAMP knockout mice display subtle alterations in the permeability barrier [115] , suggesting that at least this one AMP is necessary for maintaining normal permeability function. In human dermatologic diseases, the altered AMP skin profiles correlate predictably with the barrier abnormalities. Subjects with atopic dermatitis display a decreased expression of HBD2 and LL-37 [25] and these subjects have a consistently compromised permeability barrier demonstrated by increased transepidermal water loss [113] . Conversely, these AMPs are upregulated in psoriasis [25] and it is thought that this may contribute to the observed inflammation.
Restoration of the Skin Barrier(s) following Acute Disruption
Recovery of permeability barrier function following disruption includes the restoration of ion gradients (primarily calcium) and the release of lipid precursors from lamellar bodies (secretory bilayer organelles specific to the skin that release lipids, enzymes, and antimicrobial peptides). A calcium gradient exists in the unperturbed epidermis, such that high concentrations of extracellular calcium are found in the upper epidermis. Following physical barrier disruption, increased water movement within the stratum corneum dissipates the gradient [118] , and this change is one of the primary signals for the induction of lamellar body secretion [119, 120] . The formation and release of lamellar body contents is also a major pathway in the process of restoring the permeability barrier [121] . Acute disruption of the barrier stimulates a characteristic sequence of recovery events that contributes to restoration of normal function. There is an initial burst (0-30 min) of release of preformed lamellar body contents (lipids, proteases, antiproteases, other lipid processing enzymes, and antimicrobial peptides) followed by the upregulation of lamellar body synthesis [119] [120] [121] [122] [123] [124] [125] [126] .
Given the interdependence between the permeability and antimicrobial barriers, from a transdermal drug delivery perspective it is important to understand what effect the disruption of the permeability barrier also has on the antimicrobial barrier, and how the skin restores homeostasis. In addition to the lipids and lipid-processing enzymes, lamellar body contents also include LL-37 and HBD2, supporting the close coregulation of the permeability and antimicrobial barriers of the skin following disruption [114, 115, 121, 127] . Increased levels of mRNA for several pro-inflammatory factors and cytokines (TNF-␣ , IL-1 ␣ , IL-1 ␤ , and IL-1 receptor antagonist) have been demonstrated following acute barrier disruption via solvent or physical disruption (acetone treatment or tape stripping, respectively) [128, 129] . Furthermore, modulation of the calcium gradient by iontophoresis and sonophoresis at energies that do not alter the barrier also leads to increased levels of epidermal TNF-␣ and IL-1 ␣ cytokine expression [130] .
It would be very interesting to further explore how the increased levels of these inflammatory markers correlate with the expression of skin antimicrobial peptides and lipids, specifically in the context of barrier disruption to enhance drug delivery. As already described, antimicrobial peptides and lipids can be key players in maintaining normal tissue homeostasis, and their anti-inflammatory activities can attenuate the production of chemokines and pro-inflammatory cytokines to microbial antigens. However, it is also known that HBD2 is activated by IL-1 ␣ [121, 127, 131, 132] . The balance of these processes and the specific roles that they play following physical or chemical barrier disruption remain to be elucidated. This would provide a clearer understanding of how the skin coregulates the permeability and antimicrobial barriers, and how it maintains a necessary balance of pro-and antiinflammatory mediators under various conditions (e.g. microbial vs. physical challenges).
Modulation of Barrier Repair
A predictable delay in permeability barrier recovery is observed when the skin's normal restoration processes are blocked. For example, if the change in the calcium gradient is prevented then increased lamellar body secretion does not occur and the process of initiating barrier repair is delayed [118] . Additionally, decreases in synthesis of any of the primary skin lipids or their precursors lead to a delay in barrier recovery due to malformation of lamellar bodies [122, 133] . Topical HMG CoA reductase inhibitors have been shown to cause a delay in barrier recovery when applied to the barrier-disrupted skin of adult hairless mice (HMG CoA reductase is the integral enzyme in the cholesterol synthesis pathway) [125] . These findings were part of mechanistic studies to elucidate the role of ion gradients and skin lipids in permeability barrier recovery and have yet to be applied for therapeutic purposes. We propose that understanding these processes and the coregulation with the antimicrobial skin barrier might allow for unique opportunities to attenuate the healing process on a short-term basis. In the context of transdermal delivery, this could allow for drug delivery for a longer time frame following barrier disruption with physical or chemical enhancement methods. The ideal would be to achieve a 7-day delivery system, which would be comparable to other transdermal patches that deliver drugs via passive diffusion through the skin. While modulation of the calcium gradient or lipid synthesis pathways has not been specifically explored in a drug delivery realm, other literature has explored the effect of topical anti-inflammatory therapies following disruption of the permeability barrier. The application of diclofenac sodium (a nonspecific cyclooxygenase inhibitor) has been shown to delay micropore closure following one-time microneedle application in hairless guinea pigs and in human subjects [134] . The authors hypothesized that a local, subclinical inflammatory response contributes to rapid rates of micropore healing, and that the observed delay in micropore closure kinetics was likely due to the anti-inflammatory effect of diclofenac. However, the authors did not investigate any potential effects on antimicrobial properties of the skin or how the balance between the permeability and antimicrobial barriers was affected. It has been demonstrated previously that diclofenac has some ability in vitro to modulate immune function in the skin via the reduction of type 2 dendritic cell polarization [135] , but effects on the skin with regard to cytokine/ chemokine release, antimicrobial peptides, or lipids have not been explored in vivo . Further characterization of these effects in both healthy and diseased skin (which differ in their baseline characteristics) might help elucidate a more specific mechanism of action and allow for more selective and targeted therapies to help enhance transdermal delivery techniques. This rationale would apply not only to anti-inflammatory techniques, but could be explored in the context of other targets for modulating physical enhancement techniques including the calcium gradient or lamellar body formation and release.
